Introduction
Sedimentary units dominated by clay are commonly the least permeable parts of groundwater flow systems and, as such, strongly affect fluid fluxes and flow patterns. The permeability of argillaceous units is therefore a parameter of considerable importance for analyzing groundwater flow in sedimentary environments, with particular importance attaching to the relation between permeability and porosity because of the sediment compaction that accompanies burial. Unfortunately, it is usually infeasible to measure permeability or its variation in argillaceous units and few reliable guidelines exist for estimating it. Specifically, there are few indications of (1) how permeability relates to porosity in these media and (2) how small the permeability of these sediments can be at various scales. Researchers have used estimates based on a few widely cited measurements [e.g., Magara, 1978; Neglia, 1979] 
Data now available provide new insight into this problem
and suggest that it is time/to reevaluate the treatment of clay and shale permeability in flow simulations. The relatively low permeabilities these data imply at typical porosities indicate that fluid fluxes in some flow systems could be significantly smaller than analyses indicate; elucidation of these fluxes is crucial for understanding phenomena such as abnormal pressure generation, petroleum and ore emplacement, and deformation of sediments, and for guiding intelligent exploitation of the subsurface for purposes such as waste isolation. This paper synthesizes these data and describes their implications. This paper is not subject to U.S. copyright. Published in 1994 by the American Geophysical Union.
Paper number 93WR02930.
Laboratory Permeability Data
Until the 1970s, little was known about clay and shale hydraulic properties beyond permeability data obtained as a by-product of consolidation testing. Although attention has been focused on the problem since then, the difficulty of measuring small permeabilities has continued to limit the acquisition of data. As a result, extensive permeability data for these materials do not exist. In addition, a large fraction of the laboratory data that are available are not suited for hydrogeologic applications. Many studies used purified clays or reconstituted sediments, leaving in question the applicability of the results to natural systems. Others failed to report porosity (or void ratio) or gave no indication of how the data were obtained. Only a handfull of laboratory determinations (1) used natural media in an undisturbed state, (2) monitored the reported porosity or equivalent information, and (3) showed evidence that the measurements were made using appropriate methodology and careful technique. Laboratory Table 1 ). Other data were obtained using robust and 
Effect of Scale
Many workers expect an increase in permeability with scale in low-permeability media [Bethke, 1989] , leading them to discount laboratory-derived permeabilities as being too low. The scale dependency, usually attributed to fractures or commingling of nonclay sediments, can be difficult to detect directly but is clearly present in some argillaceous units. The Pierre Shale, for example, which has a 10 -20 m 2 permeabil. Figures I and 2 is striking and provides explicit evidence for scale independence of permeability in argillaceous media. Significant fracture permeability apparently is absent in these materials, which include a highly lithified, low porosity unit that one would expect to be prone to fracturing (region 7 in Figure 2 ). This result extends earlier evidence [Brace, 
The agreement between laboratory and inverse values in

Implications
The increasing speed of digital computers has stimulated efforts to analyze subsurface fluid flow using numerical simulation. For example, significant effort has been devoted to analyzing paleoflow in sedimentary basins because of its relevance to economic minerals and waste disposal. Re. cently, we have seen studies that have simulated paleof10w [Garven, 1985 [Garven, , 1989 Bethke, 1986b, Senger and , and erosion . Such analyses are inherently uncertain because the system hydraulic properties in the geologic past must be estimated. Permeabilities or ranges of permeability assumed for argillaceous units, as in the studies cited above, are commonly between 10 -•9 to 10 -16 m 2 (hydraulic conductivity of 10 -12 to 10 -9 ms -1) for porosities less than 0.4. In geologically active areas, such as the foreland basin undergoing tectonic compression analyzed by Ge and Garven [1992] , the permeability of argillaceous sediments can determine the degree to which flow is affected by the geologic activity. Rock deformation caused by tectonic compression, for example, tends to perturb fluid pressures; a small permeability causes the perturbations to persist and accumulate to significant levels. A variety of geological processes can similarly affect fluid pressure [Neuzil, 1986] . Because the data presented here suggest permeabilities lower than usually assumed, they also imply that abnormal pressures caused by such geologic forcing may occur more readily than presently supposed. This is consistent with the widespread occurrence of features such as thrust faulting and multiple generation fracturing, which are thought to require high fluid pressures [Engelder, 1990] .
The permeability data presented here also have implications for subsurface waste isolation, In a broad sense, the data can aid characterization of fluid fluxes, which is necessary for assessing the risk of advecting toxic waste from a repository to the biosphere. Figures 1 and 2 , however, have a direct implication for repository siting. The absence of secondary permeability in some argillaceous formations may make them viable repository venues. I have skirted questions about the applicability of Darcy's law in argillaceous media. Uncertainty attaches to flow at moderate to low hydraulic gradients in clayey materials' in particular, various investigators have described so-called threshold gradients below which clay behaves as if it is impermeable [Neuzil, 1986] . Laboratory tests use hydraulic gradients that are too large to allow definitive tests of such non-Darcian flow models. However, the agreement between laboratory and inverse permeability estimates evident in 
